We report on the experimental realization of perpendicular magnetic anisotropy in Co 2 FeAl/Pt multilayers, which were prepared on Pt buffered MgO(001) substrates by magnetron sputtering. It was found that the perpendicular magnetic anisotropy is related to the number of periods N of the multilayers and also the thickness of Co 2 FeAl. The perpendicular-anisotropy energy density K u is estimated to be 1:45 Â 10 6 erg/cm 3 at room temperature, which is comparable to that of the Co/(Pd,Pt) multilayers. This suggests that Co 2 FeAl/Pt system presented here will be a good candidate for use as the highly spin polarized ferromagnetic electrodes in MgO-based tunnel junctions with perpendicular magnetization.
S
ince the discovery of perpendicular magnetic anisotropy (PMA) in metallic films and multilayers, the research interest in applications of these PMA materials in the field of spintronics has increased remarkably. 1, 2) For example, magnetic tunneling junctions (MTJs) with ferromagnetic electrodes showing a perpendicular magnetic easy axis are of great interest as they have a potential for realizing next-generation high-density magnetic random access memory (MRAM) with high thermal stability and low critical current for current-induced magnetization switching. 3, 4) Besides, several physical phenomena including spin injection into semiconductor, 5) enhanced output signals in a spin-torque switching 6) and giant spin Hall effects 7) have been observed in spintronic devices consisting of PMA materials.
To attain PMA, a number of material systems, including rare-earth/transition metal alloys, 8, 9) L1 0 -ordered (Co,Fe)-Pt alloys [10] [11] [12] and Co/(Pd,Pt) multilayers, 3, 4, 13) have been explored as ferromagnetic electrodes in MTJs. However, none of them so far satisfy high thermal stability at reduced dimension and high tunnel magnetoresistance (TMR) ratio all at the same time. Very recently, MTJs with PMA have been developed using a MgO barrier and very thin CoFe or CoFeB layer insertion between Co/Pd or TbFeCo perpendicular magnetization thin films, which show a reasonable low critical current density of 4.7 MA/cm 2 . However, the TMR ratio was very low at only 15%. 14) Therefore, PMA thin films with a large tunneling spin polarization P such as half-metallic Heusler alloys are desired to be used for the electrodes in MTJs. Unfortunately, there are no reports for PMA using half-metallic Heusler alloys, because Heusler alloys are soft magnetic materials and therefore are difficult to be made with the perpendicular magnetization. So far, the work has mainly been confined to magnetic tunnel junctions with an in-plane anisotropy. [15] [16] [17] [18] [19] [20] In this letter, we demonstrate PAM in Heusler alloy/Pt multilayers for the first time, in which Co 2 FeAl (CFA) was used because it has a large tunneling spin polarization 20) and the lowest damping constant in Heusler alloys. 21) A particular emphasis is placed on the effects of the number of periods N of the multilayers and the thickness of Co 2 FeAl on the PMA properties.
The CFA/Pt multilayers were prepared at room temperature (RT) by an ultrahigh vacuum (UHV) magnetron sputtering system equipped with 10 (3-in. diameter) targets. Detailed experimental procedure for the deposition of CFA layer can be found in our previous work. 20) For Pt layer, Ar pressure and sputtering power were set as 0.1 Pa and 10 W, respectively. The periodic structure of multilayer was checked by X-ray diffraction (XRD) and transmission electron microscopy (TEM). The magnetization curves were measured at RT by a vibrating sample magnetometer (VSM).
We first present results concerning the superlattice with nine bilayers, each consisting of 0.6 nm of CFA and 2.5 nm of Pt. Figure 1 (a) shows a schematic view of this particular sample. In Fig. 1(b) , we show a representative wide-view cross-sectional TEM image of the multilayer. We can see that the multilayer was grown nearly as a planned structure because the thickness of $40 nm was close to the designed value of 43 nm. The most important conclusion, however, is that the CFA-Pt interface is sharp in the as-deposited state, while the periodic structure is maintained. As marked by the arrows, all together nine layers of 0.6 nm CFA are observed and uniformly distributed throughout the multilayer, as shown in our TEM image. The result from the XRD measurement is presented in Fig. 1(c) . The strong Pt(111) peak appears due to the textured structure in the multilayer, since no (333) peak was found at higher angle for this orientation. In addition, one can see the CFA (200) and Pt(200) peaks, indicating (001)-oriented growth of CFA/Pt multilayer on the MgO(001) surface. The CFA film was determined to be at least B2 structure due to the presence of (200) peak.
The typical in-and out-of-plane M-H curves of the superlattice with nine bialyers are shown in Fig. 2(a) . We found that the sample shows a clear out-of-plane easy axis of magnetization at RT, i.e., a well-squared loop is observed for the out-of-plane M-H curve. However, the in-plane M-H curve shows nearly zero magnetization in remanence and reaches its saturation value at a magnetic field of 4.85 kOe. It is known that the Co/Pd 22) and Fe/Pt 23) interfaces can have considerable influence on the observed perpendicular anisotropy. Considering pure CFA films grown on MgO(001) substrates are spontaneously magnetized in plane independently of their thickness, it is reasonable to assume that the CFA/Pt interface effects may contribute significantly to the perpendicular anisotropy in our system. Moreover, we should point out that the perpendicular anisotropy occurs only for the multilayers with CFA thickness around 0.6 nm, i.e., about two unit cells of B2-ordered CFA.
We now present results concerning the influence of number of periods (N) on the saturation magnetization (M s ). The dependence of M s on N of the multilayer is shown in Fig. 2(b) , where the value of M s was obtained from the outof-plane M-H curve. From N ¼ 1 to 5, a rapid increase in M s was found, which will be attributed to the improved crystallinity. Further increase in N has a little effect on M s , which keeps at an almost unchanged value of 600 emu/cm 3 . Moreover, this value is significantly smaller than the bulk one, which may be due to the reduced magnetization at the interface between Pt and CFA. As a function of number periods N, the easy axis of magnetization of the CFA/Pt multilayers begins to gradually change back to in plane for N larger than about 15 [ Fig. 2(c) ]. We ascribe this to the relief of coherency stresses at CFA/Pt interfaces. Pt has a face-centered-cubic (fcc) structure with a lattice parameter of a ¼ 0:392 nm, which is 3.1% smaller than that of B2-CFA on 45 in-plane rotation. To evaluate the PMA properties quantitatively, the effective magnetic anisotropy energy K u was estimated using the relations K u ¼ M s H a =2. Here, the effective anisotropy field H a was defined as the extrapolated intersection of the in-plane M-H curve with the saturation magnetization value of the out-of-plane M-H curve. Figure 2(c) shows H a and K u versus N. With increasing N, H a decreases monotonically, while K u increases first and reach their maximum values at N ¼ 5 and then decrease slightly with further increase in N. The highest K u value is 1:45 Â 10 6 erg/cm 3 at RT, which is of the same order of magnitude as that of other high PMA multilayer systems, e.g., Co/Pt 22) and CoFe/Pt. 23) Considering that the growth temperature of PMA films should be as low as possible for practical applications in spintronic devices, the CFA/Pt multilayer is very promising because high PMA can be obtained at RT.
Finally, we would like to discuss the possible origin of PMA observed in our CFA/Pt multilayer system. By Xray magnetic circular dichroism (XMCD) experiments, an orbital moment enhancement of Co and Fe was observed in Co/Pd, Co/Pt, and Fe/Pt multilayers, 23, 24) which drives PMA. In fact, we have recently shown by XMCD measurements that a strong enhancement of the orbital moment occurs with decreasing thickness of Heusler Co 2 MnSi films. 25) With decreasing film thickness the interface with the reduced symmetry contributes to the magnetic anisotropy and induces PMA through the increased spin orbit coupling. 11) Within the above scenario, we propose that the orbital moment enhancement due to reduced symmetry for CFA films may be responsible for the PMA in our CFA/Pt system, 26) although the detailed analysis for the mechanism of PMA is required in future.
To summarize our results, in Fig. 3 , we show a schematic phase diagram of CFA/Pt multilayers grown on a Ptbuffered MgO(100) substrate. It indicates the interplay among CFA thickness (t CFA ), number of periods N, and magnetic anisotropy in the multilayers investigated. With CFA thickness around 0.6 nm and N < 15, the multilayers showed an out-of-plane easy axis of magnetization. The maximum perpendicular-anisotropy energy density K u at this CFA thickeness, which determines the thermal stability, is 1:45 Â 10 6 erg/cm 3 , a value almost 2-times higher than that of the CoFeB/Pd system (5:6 Â 10 5 erg/cm 3 ), 27) and high enough to secure good thermal stability at reduced dimensions. Therefore, we proposed that the CFA/Pt multilayers presented here will be a good candidate for use as the highly spin polarized ferromagnetic electrodes in MgO-based tunnel junctions and current-perpendicular to plane (CPP)-GMR devices with perpendicular magnetization, which is in-progress. 
